Oxidative stress activates the c-Jun N-terminal kinase (JNK) pathway. However, the exact mechanisms by which reactive oxygen species (ROS) activate JNK are unclear. We found that the ability of hydrogen peroxide (H 2 O 2 ) to induce JNK activation varied in dierent cell types. Pyrrolidine dithiocarbamate (PDTC), a presumed antioxidant, induced JNK activation on its own and enhanced JNK activation by H 2 O 2 in many cell types, including Jurkat, HEK293, and LNCaP and Tsu-Pr1 prostate cancer cells. The activation of JNK by PDTC, in the presence or absence of exogenous H 2 O 2 , was dependent on its chelating ability to metal ions, most likely copper ions. Despite the strong JNK-activating ability, H 2 O 2 plus PDTC did not induce signi®cant activation of the upstream kinases, SEK1/MKK4 and MKK7. However, the JNK inactivation rate was slower in cells treated with H 2 O 2 plus PDTC compared with the rate in cells treated with ultraviolet C (UV-C). Treatment of H 2 O 2 plus PDTC signi®cantly decreased the expression levels of a JNK phosphatase, M3/6 (also named hVH-5), but not the levels of other phosphatases (PP2A and PP4). In contrast, UV-C irradiation did not cause the down-regulation of M3/6. These results suggest that JNK activation by H 2 O 2 plus PDTC resulted from the down-regulation of JNK phosphatases. Our data also reveal a necessity to carefully evaluate the pharmacological and biochemical properties of PDTC. Oncogene (2001) 20, 367 ± 374.
Introduction
Oxygen and transition metal ions are required for normal cellular metabolism. However, the existence of oxygen and metal ions in cells is potentially dangerous because of the unwanted toxicity, partially derived from the production of reactive oxygen species (ROS) (reviewed in Halliwell and Gutteridge, 1990; Jacobson, 1996) . Oxygen (O 2 ) can receive a free electron and form superoxide anions (O 2 . ). Superoxide anions can induce the production of hydrogen peroxide (H 2 O 2 ) and hydroxyl radical ( . OH). Hydroxyl radicals are highly reactive, and can cause damage in the proximity of where they are generated in a cellular environment (Jacobson, 1996) . In mammalian cells, superoxide anions are continuously generated by NADPH oxidase, monoamine oxidase and, mostly, by the electron transport system in mitochondria (Hauptmann and Cadenas, 1997; Jacobson, 1996 ). Therefore, the tight coupling of SOD, catalase, and peroxidase is important for reducing the generation of hydroxyl radicals inside the cells (Hauptmann and Cadenas, 1997) . Increases in ROS production, defects in the ROS-removing enzymatic system, or decreases in antioxidant levels may cause serious damage to cells (Jacobson, 1996) . The necessity of maintaining the redox balance is underscored by the evidence that many apoptotic stimuli induce oxidative stresses directly or indirectly (reviewed in Fuchs et al., 1997; Jacobson, 1996) . JNK (also called stress-activated protein kinase, SAPK) family members belong to the mitogenactivated protein kinase (MAPK) superfamily which also includes extracellular signal-regulated kinases (ERKs) and the p38-MAPK family (reviewed in Chen and Tan, 2000; Ip and Davis, 1998) . The JNK pathway responds to many diverse stimuli including mitogens, uid shearing, pro-in¯ammatory cytokines, and environmental stresses including various apoptotic stimuli (reviewed in Chen and Tan, 2000; Ip and Davis, 1998; Schaeer and Weber, 1999) . The human JNKs are encoded by three genes jnk1, jnk2, and jnk3 Gupta et al., 1996; Kallunki et al., 1994; Sluss et al., 1994) . The corresponding murine genes have also been identi®ed . JNK1 and JNK2 are ubiquitously expressed in many tissues, while JNK3 is predominantly expressed in neuronal tissues. Ten isoforms of JNK are generated by alternative splicing of the transcripts from the three genes (Gupta et al., 1996) . The known JNK pathway consists of JNKs and various MAPK kinases (MAP2Ks), MAPK kinase kinases (MAP3Ks), and MAPK kinase kinase kinases (MAP4Ks), which may mediate signals induced by distinct stimuli (reviewed in Chen and Tan, 1999; Ip and Davis, 1998) . Activated JNK can be dephosphorylated and inactivated by a number of dual-speci®city phosphatases (reviewed in Camps et al., 1999) .
The JNK pathway is activated by oxidative stress; however, the mechanism is unclear. Recently, several enzymes involved in redox metabolism were found to interact with molecules in the JNK pathway. Thioredoxin interacts with a JNK activator, apoptosisactivating kinase 1 (ASK1) (Saitoh et al., 1998) , and glutathione S-transferase Pi (GSTp) interacts with JNK (Adler et al., 1999) . Thioredoxin inhibits ASK1 activity, and treatment of H 2 O 2 leads to the dissociation of thioredoxin-ASK1 complex and ASK1 activation (Saitoh et al., 1998) . The interaction between GSTp and JNK, which is dissociated under oxidative stress, prevents JNK phosphorylation of c-Jun (Adler et al., 1999) . This evidence suggests that the JNK pathway responds to oxidative stress using the associated redox enzymes as sensors. In this study we used H 2 O 2 and PDTC as probes to examine the eects of oxidative stress and transition metal ions on JNK signaling. Our results suggest that JNK is activated by oxidative stress and by metal toxicity through the down-regulation of the dualspeci®city phosphatases, which negatively regulate JNK. Our data also reveal a necessity to re-examine the pharmacological and biochemical properties of PDTC.
Results

H 2 O 2 and PDTC synergistically induce JNK activation
Previously, we and others showed that oxidative stress participates in JNK activation by various stimuli (Chen et al., 1998b; Luo et al., 1998; Park et al., 1996; Wilhelm et al., 1997) . However, it has also been shown that antioxidant treatments caused JNK activation (del Arco et al., 1996) which contradicts the notion that oxidative stress activates JNK. To examine the controversial eect of cellular reduction-oxidation (redox) status on the JNK pathway, we tested the eect of H 2 O 2 on JNK activation. We found that although exogenous H 2 O 2 (100 mM) activated JNK in Jurkat T cells, it failed to induce JNK activation in HEK293, LNCaP, and Tsu-Pr1 cells (Figure 1a 
Extracellular metal ions are required for PDTC-induced JNK activation
In addition to its reported anti-oxidative property, PDTC is capable of binding to various transition metal ions including zinc, iron, copper and manganese (Gilman et al., 1990) . PDTC was also reported to increase intracellular copper and zinc ions by transporting extracellular ions across the cell membrane (Kim et al., 1999; Nobel et al., 1995; Verhaegh et al., 1997 (Halliwell and Gutteridge, 1990) . Therefore, PDTC may increase the intracellular metal ions and, subsequently, the production of hydroxyl radicals in the presence of H 2 O 2 .
To determine whether transition metal ions are required for PDTC-induced JNK activation, we removed serum, the major source of transition metal ions, from the experimental condition. H 2 O 2 , PDTC, or H 2 O 2 plus PDTC was unable to induce JNK activation in HEK293 cells in the absence of serum (Figure 2a) (Figure 2b ). PDTC caused weak JNK activation in the presence of zinc ions; however, no synergistic eect between PDTC and H 2 O 2 on JNK activation was detected in the presence of zinc in a serum-free condition (Figure 2b ). Other metal ions tested, including ferrous (Fe 2+ ) and manganese (Mn 2+ ) ions, were unable to induce signi®cant JNK activation in the presence of PDTC in a serum-free condition (data not shown).
To examine if copper ions can fully replace the requirement of serum in JNK activation by PDTC and H 2 O 2 , we compared the levels of JNK activation by PDTC plus H 2 O 2 in cells treated with serum or with copper ions in the absence of serum. The normal range of the copper ions in serum is 10 ± 30 mM (Lentner, 1984) . We found that the magnitudes of JNK activation were comparable for cells treated with 10% serum and cells treated with 3 mM of copper ions in the absence of serum (Figure 2c ). A stronger JNK activation was achieved with a higher concentration (30 mM) of copper ions ( Figure 2c ). Taken together, these results support an important role of extracellular copper ions in PDTC-mediated JNK activation.
PDTC-induced JNK activation is suppressed by a nonpermeable cuprous ion chelator
To test whether the translocation of extracellular copper ions into cells is required for JNK activation by PDTC, we incubated the HEK293 cells with a nonpermeable cuprous ion (Cu + ) chelator (Nobel et al., 1995; Verhaegh et al., 1997) , bathocuproinedisulfonic acid (BCS), before the treatments. Presumably, BCS can compete with PDTC for extracellular copper ions and reduce the in¯ux of copper ions mediated by PDTC. The addition of BCS suppressed JNK activation by PDTC or H 2 O 2 plus PDTC in HEK293 cells, and suppressed JNK activation by H 2 O 2 plus PDTC in Jurkat cells (Figure 3 ). BCS did not suppress UV-Cinduced JNK activation in both HEK293 and Jurkat cells (data not shown), indicating that BCS did not suppress JNK activation nonspeci®cally. These data suggest that PDTC's metal ion-chelating ability plays an important role in JNK activation, and that the translocation of copper ions across the cytoplasmic membrane is essential for PDTC-induced JNK activation.
PDTC and H 2 O 2 activate JNK in the absence of significant activation of SEK1/MKK4 and MKK7 H 2 O 2 has been shown to activate apoptosis-activating kinase 1 (ASK1) (Gotoh and Cooper, 1998; Saitoh et al., 1998) , a JNK-activating kinase. Therefore, oxidative stress may regulate JNK by activating the upstream kinases in the JNK pathway. To examine whether this is the case in PDTC plus H 2 O 2 -induced JNK activation, a GST-tagged SEK1, a JNK kinase, was transfected into HEK293 cells, and the transfected cells were subjected to PDTC plus H 2 O 2 or UV-C treatments. The activities of SEK1 and JNK in treated cells were examined. Only a very weak SEK1 activation was detected in PDTC plus H 2 O 2 -treated cells, although an evident SEK1 activation was observed in UV-C-treated cells (Figure 4a ). Both treatments induced signi®cant JNK activation in HEK293 cells (Figure 4a ). Similarly, PDTC plus H 2 O 2 did not induce detectable MKK7 activation, while UV-C induced MKK7 activation (Figure 4b ). This result suggests that activation of JNK upstream kinases is not the major cause of JNK activation by PDTC plus H 2 O 2 . Copper but not zinc ions can replace serum, which is required for PDTC-induced JNK activation. HEK293 cells were cultured in serum-free medium (a) or serum-free medium containing CuSO 4 (30 mM) or ZnSO 4 (30 mM) (b) for 30 min, then were treated with H 2 O 2 (100 mM), PDTC (100 mM) and H 2 O 2 plus PDTC (100 mM each) for indicated times. (c) HEK293 cells were cultured in medium supplemented with 10% serum or serum-free medium containing CuSO 4 (3 or 30 mM) for 30 min, then were treated with H 2 O 2 plus PDTC (100 mM each) for indicated times. Endogenous JNK activity was examined by immunocomplex kinase assays Oncogene Down-regulation of JNK phosphatase M3/6 by oxidative stress Y-R Chen et al JNK inactivation rate is decreased in cells treated with PDTC plus H 2 O 2 JNK activity is controlled by upstream kinases and by dual-speci®city phosphatases that dephosphorylate and inactivate JNK. Activation of JNK upstream kinases, a decrease in JNK phosphatase activity, or the combination of both can lead to JNK activation. Since we did not observe signi®cant activation of SEK1 and MKK7 (Figure 4) , it is possible that JNK activation by PDTC and H 2 O 2 was due to the decrease in JNK phosphatase activity and subsequently, the accumulation of JNK activity. To test this possibility, we examined the JNK inactivation rate by measuring the decrease of JNK activity post depletion of intracellular ATP, which prevented further activation of JNK by upstream kinases. HEK293 cells were exposed to PDTC plus H 2 O 2 or UV-C for induction of JNK, then were treated with rotenone, an inhibitor of the respiratory chain and 2-deoxy-D-glucose, an inhibitor of glycolysis, for ATP depletion (Meriin et al., 1999) . Upon depletion of ATP, JNK activity was slowly decreased in cells treated with PDTC plus H 2 O 2 ( Figure 5 ). In contrast, JNK activity was rapidly decreased post depletion of ATP in cells treated with UV-C ( Figure 5 ). These results suggest that the inactivation rate of JNK is much slower in cells treated with PDTC and H 2 O 2 in comparison with that in UV-C-treated cells. Since JNK inactivation is mainly controlled by dual-speci®city phosphatases, these results imply that these phosphatases may be down-regulated by PDTC and H 2 O 2 .
PDTC and H 2 O 2 induce the down-regulation of a JNK phosphatase M3/6
Many dual-speci®city phosphatases are known to down-regulate JNK activity by dephosphorylating JNK at the critical Thr-Pro-Tyr motif (reviewed in Camps et al., 1999) . To test whether PDTC plus H 2 O 2 activate JNK by down-regulating JNK phosphatases, we examined the eect of this treatment on JNKspeci®c phosphatase M3/6 (also named hVH-5; Camps et al., 1999; Martell et al., 1995; Muda et al., 1996) . PDTC plus H 2 O 2 down-regulated the levels of transfected M3/6 in HEK293 cells (Figure 6a ). The decrease in M3/6 levels coincided with the induction of ). Transfected GST-SEK1 was isolated by anity puri®cation using GSH-beads, and assayed for kinase activity using GST-SAPK(KR) as a substrate. Endogenous JNK activation was assayed by immunocomplex kinase assays. . Transfected MKK7 was isolated by anity puri®cation using an anti-Flag antibody and protein G beads, and assayed for kinase activity using GST-SAPK(KR) as a substrate ), followed by a 30 min rest, or to PDTC plus H 2 O 2 (100 mM each; 90 min), then were subjected to ATP depletion (10 mM rotenone and 25 mM 2-deoxy-D-glucose in PBS). Cells were collected at indicated time points after the ATP depletion. Endogenous JNK activity was examined by immunocomplex kinase assays. (b) Data in panel a were quantitated by a densitometer. JNK activity induced by UV-C or PDTC plus H 2 O 2 at time 0 at ATP depletion was considered as 100% Figure 3 PDTC-induced JNK activation is inhibited by a nonpermeable cuprous ion chelator, BCS. HEK293 cells were incubated with media containing BCS (100 mM) for 30 min, then treated with PDTC (100 mM), H 2 O 2 plus PDTC (100 mM each) for indicated times. Jurkat cells were incubated with media containing BCS (100 mM) for 30 min, then treated with H 2 O 2 plus PDTC (100 mM each) as indicated. The endogenous JNK activity was determined by immunocomplex kinase assays JNK activity (Figure 6b ). PDTC and H 2 O 2 showed no eect on two other protein phosphatases, PP2A and PP4 (Figure 6a ), indicating that the down-regulation in M3/6 was not a non-speci®c eect on any protein phosphatases. To examine if the down-regulation of M3/6 occurred in JNK activation induced by other stimuli, we tested the eect of UV-C on the expression of M3/6. We did not detect signi®cant decreases in M3/ 6 levels after UV-C irradiation (Figure 6a) .
The over-expression of M3/6 only slightly decreased the induction of JNK by PDTC plus H 2 O 2 in the transfected HEK293 cells (Figure 6b ). This observation is consistent with the result that M3/6 itself was downregulated by PDTC plus H 2 O 2 (Figure 6a) . In contrast to what we observed in the PDTC and H 2 O 2 treatment, over-expression of M3/6 signi®cantly decreased the induction of JNK activity by UV-C irradiation (Figure 6b ). These data indicate that M3/6 is targeted in the PDTC plus H 2 O 2 treatment. However, our data do not rule out the possibility that other JNK phosphatases are also down-regulated by this treatment.
Discussion
PDTC, a presumed antioxidant, is widely used as an inhibitor for NF-kB activation (Beg et al., 1993; Schreck et al., 1992) . In this study, we found that PDTC induced JNK activation by itself in certain cells, and activated JNK synergistically with exogenous H 2 O 2 . These observations and the fact that JNK is activated by oxidative stresses are contradictory to the assumption that PDTC is an antioxidant. Some other antioxidants, such as N-acetyl-L-cysteine and butylated hydroxyanisole, were also shown to activate JNK (del Arco et al., 1996) . However, prolonged exposure of cells to high doses of antioxidants has been linked with induction of endoplasmic reticular stress, which is a strong JNK activating signal, by causing protein misfolding (Urano et al., 2000) . Therefore, the activation of JNK by antioxidants needs to be carefully examined and interpreted.
Our results indicate that the induction of JNK by PDTC is actually due to its metal ion-chelating ability. PDTC is capable of binding to many metal ions (Gilman et al., 1990) , including copper, zinc, and iron, the three most abundant transition metal ions in serum (10 ± 30 mM; Lentner, 1984) . However, PDTC has only been shown to increase intracellular levels of copper and zinc, but not iron (Nobel et al., 1995; Verhaegh et al., 1997) . Both copper and zinc are capable of binding to cellular proteins and may cause conformational and functional changes in proteins. In this study, we found that only copper ions, but not zinc ions, were capable of replacing serum in activation of JNK by PDTC and H 2 O 2 . Although the metal ions transported by PDTC may have multiple eects on cellular functions, a unique property of copper ions contributed to the JNK-activating ability. Since cuprous ions (Cu + ) can react with H 2 O 2 to generate hydroxyl radicals (Halliwell and Gutteridge, 1990) , we propose that PDTC may increase intracellular copper ions, and serve as a pro-oxidant that enhances production of hydroxyl radicals (Figure 7) . However, it is still possible that copper ions may cause JNK activation through other mechanisms independent of ROS production.
In this study we found that the ability of H 2 O 2 and PDTC to induce JNK activation varied in dierent cell types (Figure 1 ). This may be due to the variation in the production rate of H 2 O 2 and the capacity to remove H 2 O 2 by protective enzymes (e.g., catalase or peroxidase) among dierent cell types. In cells that have low H 2 O 2 production and low capacity in removing H 2 O 2 , exogenous H 2 O 2 , but not PDTC, is likely to induce signi®cant JNK activation. Conversely, Our results reveal that activation of JNK upstream kinases may not be the major cause of JNK activation by oxidative stress, since H 2 O 2 plus PDTC induced very weak SEK1 activation and undetectable MKK7 activation. Like protein tyrosine phosphatases, dualspeci®city phosphatases, which inactivate MAPKs including JNK, contain an essential catalytic cysteinyl residue (reviewed in Camps et al., 1999) . However, dierent from tyrosine phosphatases, which have a deep catalytic cleft, dual-speci®city phosphatases have shallow catalytic sites, which allow for the less stringent phospho-amino acid speci®city (reviewed in Camps et al., 1999) . This shallow catalytic surface may also expose the critical cysteinyl residue to oxidative damage. In this study, JNK activity induced by H 2 O 2 plus PDTC had a much slower inactivation rate compared to that induced by UV-C (Figure 5 ), suggesting that H 2 O 2 and PDTC may suppress JNK phosphatases. This result is consistent with a recent study reporting that protein-damaging stresses, including oxidative stress, inhibitor JNK dephosphorylation (Meriin et al., 1999) . In addition, we found that M3/6, a dual-speci®city phosphatase and a negative regulator of JNK (Muda et al., 1996) , was down-regulated by this treatment (Figure 6 ). Down-regulation of M3/6 by H 2 O 2 plus PDTC was a speci®c event, since protein phosphatases PP2A and PP4 were not aected by the same treatment, and UV-C irradiation did not cause the down-regulation of M3/6 (Figure 6a ). It is possible that the down-regulation of JNK phosphatases is the major cause of JNK activation, since over-expression of M3/6 decreased the basal JNK activity and UVinduced JNK activation, but had little eect on JNK activation by H 2 O 2 plus PDTC (Figure 6b ). This result reveals that M3/6 is a potential target of PDTC and H 2 O 2 . It is possible that other dual-speci®city phosphatases are also targeted by oxidative stress and by metal toxicity (Figure 7) . Previously, we have proposed that lack of JNK phosphatases activity may be one of the causes of sustained JNK activation induced by apoptotic stimuli (Chen and Tan, 2000; Chen et al., 1996b) . The data in this study and the fact that oxidative stress is observed in apoptosis induced by various stimuli (Fuchs et al., 1997; Jacobson, 1996) support the hypothesis that JNK phosphatases may be down-regulated during apoptosis.
Taken together, we observed a synergistic JNK activation by H 2 O 2 plus PDTC, which may be mediated through the import of copper ions and subsequent down-regulation of JNK phosphatases. These data indicate that PDTC may have pro-oxidative eects in certain cellular contexts (e.g., high H 2 O 2 production). Our data also reveal a need to re-evaluate the biological functions of PDTC, which has been widely used as an antioxidant and an NF-kB inhibitor (Beg et al., 1993; Schreck et al., 1992) . Many observed phenomena could be due to the complex eects of the multiple functions of PDTC.
Materials and methods
Cell cultures and transfection
Human Jurkat T cells and embryonic kidney 293 (HEK293) cells were cultured as previously described (Chen et al., 1998b) . LNCaP and Tsu-Pr1 human prostate cancer cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum. For transient transfection in HEK293 cells, cells were plated at a density of 1.5610 5 cells/35-mm well the day before transfection. Transfections were performed by a calcium phosphate precipitation method (Specialty Media, Phillipsburg, NJ, USA). The transfected cells were over 90% con¯uent 36 ± 40 h after transfection, and were treated and harvested as indicated in individual experiments.
Antibodies and reagents
Rabbit anti-JNK1 antibodies (Ab101) were described previously (Chen et al., 1996a) . Anti-Myc and anti-Flag antibodies were purchased from Boehringer Mannheim (Indianapolis, IN, USA) and Sigma (St. Louis, MO, USA), respectively. Protein A and protein G beads were purchased from Bio-Rad (Hercules, CA, USA) and Pharmacia (Piscat- ions, facilitate the production of hydroxyl radical, the most reactive ROS, from H 2 O 2 . Exogenous H 2 O 2 and metal ions can increase the production of hydroxyl radicals and cause damage to cells. PDTC promotes oxidative stress by increasing intracellular redox-reactive metal ions, such as cuprous ions. The JNK pathway can be activated by oxidative stress via the activation of upstream activator using the associated redox enzyme as sensors (Adler et al., 1999; Saitoh et al., 1998) , and the down-regulation of JNK phosphatases. SOD, superoxide dismutase; GSH, glutathione; GSTp, glutathione S-transferase Pi away, NJ, USA), respectively. H 2 O 2 , pyrrolidine dithiocabamate (PDTC), bathocuproinedisulfonic acid (BCS), CuSO 4 , ZnSO 4 , rotenone, and 2-deoxy-D-glucose were purchased from Sigma.
Plasmids
The pBABEpuro-Myc-M3/6 plasmid was a gift from A Smith, A Theodosiou and A Ashworth (The Institute of Cancer Research, London, UK) (Smith et al., 1997) , pMTSM-Myc-M3/6 plasmid was a gift from N Rodrigues and KE Davis (University of Oxford, Oxford, UK) , pBJ-Flag-protein phosphatase 2A (PP2A) plasmid was a gift from J Chen (University of Illinois, Urbana, IL, USA) (Chen et al., 1998a) , GST-SAPK(KR) plasmid was a gift from D Templeton (Case Western Reserve University, Cleveland, OH, USA), and the pEBG-SEK1 plasmid was a gift from L Zon (Harvard Medical School, Boston, MA, USA) (Sanchez et al., 1994) . The constructs for Flag-PP4 (PPX), GST-Jun(1 ± 79), and Flag-MKK7 were described previously (Chen and Tan, 1998; Hu et al., 1998; Yao et al., 1997) .
UV irradiation and depletion of cellular ATP
UV irradiation was performed using a UV Stratalinker 1800 (Stratagene). ATP depletion was performed as described with modi®cations (Meriin et al., 1999) . Cells were washed once with phosphate buered saline (PBS) preheated to 378C, and then incubated in PBS containing 10 mM rotenone and 25 mM 2-deoxy-D-glucose for indicated times.
Whole cell extracts preparation
Whole cell lysate was prepared by suspending 2610 6 cells in 150 ml lysis buer (20 mM HEPES [pH 7.4], 150 mM NaCl, 2 mM EGTA, 50 mM glycerophosphate, 1% Triton X-100, 10% glycerol, 1 mM DTT, 2 mg/ml leupeptin, 5 mg/ml aprotinin, 1 mM phenylmethylsulfonyl¯uoride [PMSF] , and 1 mM Na 3 VO 4 ). The cell lysates were kept on ice and vigorously vortexed every 5 min for 20 min. The lysate was cleared by centrifugation at 15 000 g for 10 min, and the supernatant was stored at 7808C.
In vitro kinase assays
JNK assays were performed as described previously (Chen et al., 1998b) . In brief, 50 ± 100 mg of cellular proteins was incubated with speci®c antibody and protein A-agarose beads in lysis buer at 48C for 2 h for immunoprecipitation. The immunocomplexes were washed twice with lysis buer, twice with LiCl buer (500 mM LiCl, 100 mM Tris-Cl [pH 7.6] and 0.1% Triton X-100), and twice with kinase buer (20 mM 4-morpholinepropane-sulfonic acid [MOPS; pH 7.6], 2 mM EGTA, 10 mM MgCl 2 , 0.1% Triton X-100, 1 mM dithiothrietol [DTT] and 1 mM Na 3 VO 4 ). The washed complexes were then mixed in 30 ml of kinase buer containing 50 mM of ATP, and 10 mCi of [g-32 P]ATP. Four mg of GST-Jun(1 ± 79) was added per reaction as a substrate. The reaction was performed at 308C for 30 min, then terminated by adding SDS Sampling buer. The reaction mixtures were boiled and analysed by SDS ± PAGE and autoradiography. SEK1 assays were carried out similarly as JNK assays, except that the transfected GST-SEK1 was anity puri®ed by GSHconjugated beads (Sigma), and the assays were performed using the recombinant GST-SAPK(KR) protein (4 mg per reaction) as a substrate.
Western blot analysis
For Western blot analysis, the samples were prepared as described above. The samples (50 ± 100 mg) were resolved by SDS ± PAGE, and then transferred to a polyvinylidene di¯uoride (PVDF) membrane. The membrane was then incubated with a primary antibody (anti-Myc, 1 : 1000; anti-Flag, 1 : 1000), washed twice, blotted with a secondary antibody conjugated with horseradish peroxidase (1 : 1000 dilution), and washed extensively. The membrane was then developed in the ECL reagent (Amersham, Arlington Heights, IL, USA) or the Super Signal Pico reagent (Pierce, Rockford, IL, USA), and exposed to an X-ray ®lm.
Abbreviations BCS, bathocuproinedisulfonic acid; HEK293 cells, human embryonic kidney 293 cells; GSH, glutathione; GST, glutathione S-transferase; JNK, c-Jun N-terminal kinase; PDTC, pyrrolidine dithiocarbamate; PP2A, protein phosphatase 2A; PP4, protein phosphatase 4; redox, reductionoxidation; ROS, reactive oxygen species; SEK1, SAPK/ ERK kinase 1; UV-C; ultraviolet C.
